To test the hypothesis that physical fitness is associated with more successful cognitive aging. Methods: Surviving participants (N ϭ 460) of the Scottish Mental Survey of 1932 were tested on the same general cognitive test at age 11 and 79 years. Measures of grip strength, 6-meter walk time, and lung function (forced expiratory volume from the lungs in 1 second [FEV 1 ]) were assessed at age 79 years. Results: A latent physical fitness trait, derived by principal components analysis of the three fitness measures, was significantly associated with successful cognitive aging. Cognitive score at age 11, sex, social class, and APOE-ε4 genotype were included as covariables. Higher childhood IQ was associated with better lung function in old age. Conclusions: Physical fitness is associated with cognitive reserve. Intervention studies aimed at making older people fitter are good candidates to improve cognitive aging.
In middle age and old age, there are correlations between cognitive test scores and physical fitness indicators such as forced expiratory volume from the lungs in 1 second (FEV 1 ) and grip strength. [1] [2] [3] [4] [5] The causal direction might be from these biomarkers to cognitive aging. 5 Reverse causality is possible and not restricted to cross-sectional studies. Childhood and old age IQ are highly correlated, 6 and childhood IQ might be a determinant of later fitness. There is a correlation between cognitive ability in adolescence and FEV 1 in middle age. 7 Another form of reverse causality is that successfully performing measures of physical performance might require cognitive ability. 8 It is also possible that neither fitness nor cognition is causal to one another and that each is an indicator of more general bodily aging. 9 In studying the association between biomarkers and cognition, three important methodologic aspects are to separate biologic age from chronologic age, to test the possibility of reverse causality, and to examine the latent structure of biomarkers. 5 Here we tested the hypothesis that physical fitness is associated with healthy cognitive aging. The sample used is a narrow age cohort 10 and contains cognitive ability from the same test at age 11 and age 79 years. These control for chronologic age, facilitate an examination of the effect of reverse causality, and allow the assessment of contributors to cognition in old age that are independent of original cognitive ability level. We adopt a latent trait approach to the measure of fitness, deriving it as the shared variance from three different measured variables.
the test. The same instructions and a 45-minute time limit were used on both occasions. Scores at each age were corrected for age (in days) and converted to IQ type scores with mean ϭ 100 and SD ϭ 15.
Mini-Mental State Examination was used as a brief screening test for dementia. 13 The maximum score is 30. Scores of Ͻ24 are used by some researchers to indicate possible dementia.
Fitness indicators. A 6-meter walk time was the time taken to walk a measured length of 6 meters at a normal pace.
Grip strength was measured with a Jamar Hydraulic Hand Dynamometer. Subjects had three trials with the dominant hand. The best of the three trials was used.
FEV 1 was measured using a microspirometer. The score was the best of three trials.
Covariables. Sex was included in the modeling of cognitive change. We have previously reported that this is associated with change in IQ from age 11 to age 79, with males aging more successfully. Note, however, that fitness variables were adjusted for sex. 6 Occupational social class, as an indicator of socioeconomic position, was included in the modeling because this may contribute to fitness. It was assessed using the standard UK Classification of Occupations (from the United Kingdom's Office of Population and Census Studies). The Classification published in 1951 was used, which placed occupations into five categories. The lower scores relate to professional occupations and higher scores to manual occupations. For women, the highest rated occupation was used, taking theirs and their husband's occupation into account. The subjects were interviewed at age about 79, and their most professional regular occupation in their work history was used.
Education, another associate of socioeconomic position that pertained to early adulthood, was included because fitness may be related to people's attending to and optimally interpreting and responding to health messages about fitness. The number of years in full-time education was used.
APOE-ε4 status was included. We have previously shown that variation in this gene is associated with cognitive aging in this sample. 12, 14 This gene may be associated with fitness attainment. Smoking status was included because we have previously shown that this is related to cognitive aging in this sample 15 and a comparable younger sample. 16 Subjects were classified as never smoker, past smoker, or current smoker.
Illness might affect fitness and thereby have an indirect impact on cognitive function. Subjects were interviewed for medical history and were classified according to whether they had histories of cardiovascular disease, cerebrovascular disease, hypertension, and diabetes.
Statistical analysis. Fitness indicators (grip strength, FEV 1 , and 6-meter walk time) were adjusted for sex and height 17 and stored as standardized variables (mean ϭ 0; SD ϭ 1). Principal components analysis was used to examine the variance shared by the three fitness indicators and to provide subjects' scores on a latent fitness trait. The scree slope and eigenvalues Ͼ1 criteria were used to assess whether a single latent trait of fitness might be extracted from the three measures. Multivariable linear regression was used to examine whether fitness contributed variance to IQ at age 79 after IQ at age 11 was entered. The modeling also included sex, social class, smoking, APOE-ε4 gene status. All variables were entered simultaneously. Education was added in a further model. All results were computed on subjects who provided full data on the study variables (N ϭ 460 and 459 when education was added).
Results. Uniquely, in Scotland, the childhood cognitive ability of the subjects tested here can be described with reference to the entire population. The mean (SD) raw Moray House Test score for the 87,498 people (almost everyone born in 1921 who was attending school in Scotland on June 1, 1932) tested in the Scottish Mental Survey of 1932 was 34.5 (15.5) . The mean of the scores for the children tested in Edinburgh city schools was 37.3 (14.8); Edinburgh is the principal administrative, financial, and legal city of Scotland. The mean of the scores for those who survived and were recruited into the Lothian Birth Cohort of 1921 was 46.4 (12.1).
Uncorrected means and SDs for the fitness indicators, scores on the Moray House Test, and information on the covariables are shown in table 1 for the 460 subjects who met the inclusion criteria and had no missing data. The mean age 11 IQ was 100.6 (SD ϭ 14.7). For the 14 subjects who were excluded, the mean Moray House Test IQ at age 11 was 89.7 (21.4 A multivariable linear regression model was tested with Moray House Test IQ at age 79 as the dependent variable and Moray House Test IQ at age 11 and the fitness latent trait as the key independent variables. Covariables were added as described in the Methods section. In the multivariable model, the significant (all p values Յ 0.02) contributors to variance in Moray House IQ test scores at age 79 (percentage of variance accounted for) were IQ at age 11 (43.7%), fitness (3.3%), social class (1.0%), APOE-ε4 status (0.7%), and sex (0.6%) (table 4). Smoking did not contribute significantly to the model (p Ͼ 0.05). When an additional model with education was run, all the contributions were very similar except that social class no longer contributed to the model and education accounted for 1.2% of the variance.
Discussion. Physical fitness, as defined by a latent trait of time to walk 6 meters, grip strength, and FEV 1 , is associated with healthy cognitive aging, contributing 3.3% additional variance to cognitive ability in old age after the score on the same test at age 11 was accounted for. Very few previous studies have adopted a latent trait approach to biomarkers 5 or adjusted for previous mental ability from youth, at which time there would be no aging effects on cognition. The other remarkable result was that childhood IQ was significantly related to FEV 1 at age 79, al-though not to the other two fitness indicators or to the latent fitness trait. This rules out the possibility that performing these physical tests is a reflection of high previous ability in the present study.
One strength of the present study was its ability to address the issue of reverse causality, which is the possibility that higher mental ability, which is quite a stable lifetime trait, 6 might be a cause of increased fitness in old age rather than the converse. For example, the MacArthur studies of successful aging found that change in cognitive performance from mean age 74 to mean age 81 was associated with several measures of routine and attentiondemanding physical performance tasks.
8 Baseline (mean age 74) cognitive performance was also associated with some physical performance tasks, although not grip strength. Their preferred interpretation was that "cognition plays an integral role in the execution of most physical tasks" (p. M232), although they did also consider the possibility that "physical dysfunction might also cause cognitive dysfunction" (p. M234). Note that the baseline cognition test was taken in old age. On the other hand, others argued that physical measures such as spirometry and grip strength make no or minimal cognitive demands. 5, 18 This accords with the finding here that IQ at age 11 did not associate with two of the physical tests or with fitness in old age. Researchers in the Victoria Longitudinal Survey studied cognitive changes in old people in five waves over 12 years. 5 They assessed biomarkers only at wave 5 and used a sensorimotor latent trait to capture biologic age. Thus, their design is similar to that of the present study, except that here the cognitive baseline is in youth. Their preferred interpretation was that biologic and chronologic age both contribute to cognitive decline. In the present study, we were better able to separate these two aspects because there was almost no variation in chronologic age.
Is there evidence for reverse causation, such that cognitive ability leads to fitness? There are significant associations in the Scottish population born in 1921 between childhood IQ and longevity, 19, 20 cardiovascular disease, 20 and smoking. 21 A possible explanation for these associations is that people with higher intelligence might interpret and respond more favorably to health messages, which would include advice about staying fit. 22 Here we were able to show that, whereas there was a significant association between childhood IQ and FEV 1 , there were no significant associations with the other two fitness measures. This replicates results from a later-born U.K. cohort in which adolescent cognitive ability was related to FEV 1 in midlife. 7 Therefore, having this rare early baseline we can rule out the possibility in the present study that intelligence measured in early life is causal to general fitness in old age. With regard to FEV 1 , the causal direction cannot be concluded from this or previous studies. FEV 1 was not measured in youth, and so it cannot be ruled out that these two variables might be correlated throughout the life span, perhaps due to a third variable.
The results here may be considered with respect to two theoretical constructs used in cognitive aging research: cognitive reserve 23 and common cause (or factor). 2 Although the construct of cognitive reserve is used in different ways, and sometimes somewhat loosely, we have defined a reserve factor as a factor that contributes to variance in cognitive test scores at a given age, after adjustment for test scores from an earlier age and ideally after some measure of brain insult or burden has also been taken into account. 23, 24 A theoretical account was developed, 23 and the model was tested in another (Aberdeen) cohort of surviving participants from the Scottish Mental Survey of 1932, in which we found evidence that education and social class met these criteria for reserve factors. 24 In the present study, fitness (as captured in the latent trait of 6-meter walk time, FEV 1 , and grip strength) and social class (or education) may be considered as potential reserve factors. The important result here was that fitness, extracted as a latent trait from three indicators, contributed to later life cognition after adjusting for childhood IQ. Thus, a reserve-based interpretation of this result is that the fitter body affords relatively well-preserved cognitive function in old age, meaning that of two people starting with the same IQ at age 11 years, the fitter person at age 79 will, on average, have better cognitive function (adjusting for social class, APOE-ε4 status, sex, and height). No brain burden was assessed here, so the findings apply only to healthy cognitive aging.
The data here are also relevant to the construct of common cause. 2, 25 Briefly, this is the hypothesis that cognitive decline is a facet of a body that is undergoing general biologic aging: "in late life, a common, biologically based factor is able to account for much of the age-related variance in sensory, sensorimotor, and intellectual functioning." 25 This applies to complex cognitive tests 13 and to simpler tests such as reaction times. 26 The common cause hypothesis may be viewed in the context of a series of observations that put cognitive decline into a more general explanatory framework. First, cognitive domains tend to age in concert, suggesting that there is some general aspect of cognition that is affected by age. 27 Second, cognitive aging was largely accounted for by sensory functions, such as balance, vision, and hearing. 25, 28 Third, there are nonsensory, noncognitive aspects of bodily function (e.g., FEV 1 , grip strength) that correlated with cognition in old age. 2 Thus, there is a common cause or common factor hypothesis of the aging mind as a facet of the aging body. 3, 9 The present data contribute to this by demonstrating that IQ scores at age 79 correlate with three aspects of bodily fitness at age 79. However, there are three further important results here. The first is that in two cases, the correlation with the same test at age 11 is close to zero. Therefore, we can rule out the possibility that fitness in every domain is the result of people with higher intelligence pursuing healthier lives and thereby becoming more physically fit. Second, it was found that there is a significant association between childhood IQ and FEV 1 , suggesting that it is important to have measures of previous ability because, in some instances, higher cognitive ability might cause later fitness rather than vice versa. Of course, as stated above, it is also possible that IQ and FEV 1 are related throughout the life span because they share variance with a third, unmeasured, variable. Third, we avoided the peculiarities of fitness measures in any one aspect of bodily function by using a latent trait that reflected what was shared by the measures. This latent trait approach was similar to that used in the Victoria Longitudinal Study in which a sensorimotor factor was extracted that contained lung, hand grip, and sensory measures. 5 The strong association between chronologic and biologic age in that study underscores the importance of having very little variation in chronologic age in the present one.
It is a limitation of the study that there were not measures of grip strength, FEV 1 , and 6-meter walk time from an earlier age also, but this should not overshadow the rarity of having cognitive test scores form earlier life, nor should it be forgotten that while correlation cannot prove causation here, correlations do have causes. 5 Even when repeated measures of cognition and physical performance were available, causal directionality remained uncertain. 5 The present results may represent a lower bound estimate of the association of fitness with cognitive aging. By age 79, we already know that people who are alive had, on average, higher childhood cognitive ability 19 and those who do not attend for cohort studies like the present one will have higher proportions of people who are frail and suffer from cognitive deterioration. These effects attenuate the range of fitness and cognition seen in studies, and range attenuation reduces the effect size of the associations.
